+ , τ = 27(3) ns and J π = 33/2 + , τ = 50(3) ns were discovered in 213 Ra. The experimental data were compared with semiempirical shell-model calculations, which allowed dominant configurations to be assigned to most of the observed levels.
I. INTRODUCTION
The nuclear shell model [1] is the foundation on which much of our understanding of atomic nuclei has been built. Nuclei in the vicinity of doubly magic 208 Pb (Z = 82, N = 126) provide an important testing ground for the validity of the shell model. More recently they have served as a benchmark for studies of the shell structure around neutron-rich 132 Sn, which has become experimentally accessible through advances in experimental capabilities with radioactive ion beams [2, 3] . In this paper we focus on the radium isotopes (Z = 88) below N = 126, namely 213 Ra (N = 125) and 212 Ra (N = 124). The shell model approach has proved to be applicable to the N = 126 isotones above Z = 82:
210 Po (Z = 84) [4] , 211 At (Z = 85) [5] , 212 Rn (Z = 86) [6] , 213 Fr (Z = 87) [7] and 214 Ra (Z = 88) [8] , at least to moderate spins. Lifetime measurements and the resulting B(E2) values obtained for the radium isotopes with N > 126 suggest a smooth increase in collectivity as the number of valence neutrons increases [9] [10] [11] . Knowledge of the radium isotopes near but below N = 126, particularly 213 Ra and 212 Ra, is more limited. Technical challenges associated with measuring time correlated γ-ray coincidences across long-lived isomeric states, along with low production cross sections and strong fission competition, have hindered spectroscopic studies of these nuclei to higher spins. Prior knowledge of the decay scheme of 213 Ra has been limited to a single cascade of three γ-ray transitions below a J π = 17/2 − , τ = 3-ms isomer [12] . Spectroscopic data on the neighbouring isotope, 212 Ra, is more extensive, but achieves firm spin assignments only to J π = 13
Here we report on the experimental extension of the level schemes of 213 Ra and 212 Ra up to J π = 33/2 + and J π = 19 + , respectively. The new level schemes are considered within a semiempirical shell-model framework, which allows the assignment of the dominant configuration to many of the observed states. Limitations of the calculations as additional nucleons are added to the valence space are also discussed. Prompt (in-beam) and delayed (out-of-beam) emission of γ rays was measured using the CAESAR array of Compton-suppressed, high-purity germanium (HPGe) detectors. CAESAR consists of nine HPGe detectors in a close-packed geometry, six of which are positioned in pairs perpendicular to the beam axis in the vertical plane at angles of ±34
II. EXPERIMENTAL DETAILS
• , ±48
• and ±82
• . Three HPGe detectors, in addition to two unsuppressed, low-energyphoton spectrometers (LEPS), were positioned approximately in the horizontal plane. Time-correlated γ − γ coincidence data were collected in list mode. The HPGe and LEPS detectors were calibrated to 0.5-keV and 0.2-keV per channel, respectively. Angular anisotropies were measured via γ-γ coincidence data sorted into two-dimensional matrices, with pairs of detectors at equivalent angles of ±34
• recorded on one axis and any measured, coincident γ ray in the remaining eight HPGe detectors placed on the other axis. Since only three angle pairs were available, the A 4 coefficient was fixed to zero when fitting the measured angular data with the usual expansion in even-order Legendre polynomials. Extracted A 2 values still serve as a guide to determine transition multipolarities; however, the limited angle coverage and need to set A 4 = 0 meant that precise transition mixing ratios could not be determined. For the angular momentum alignment expected in heavy-ion fusion-evaporation reactions, and with coincidence gates placed on known E2 transitions, pure dipole, quadrupole or octupole transitions typically exhibit an A 2 /A 0 value of −0.2, +0.28 or +0.46, respectively. In some cases, it was possible to make definitive transition-multipolarity assignments by determining the internal conversion coefficients from γ-ray intensity balances and comparison with theoretical values [14] . Since the probability for internal conversion decreases significantly with increasing transition energy, this method was only applicable to low-energy transitions.
Isomeric-level lifetime measurements were made by observing the time of arrival of γ rays with respect to the beam pulse, or by evaluation of the time difference between γ rays feeding and depopulating the state of interest. In the former case, all levels populated following the γ decay of an isomeric state exhibit that lifetime, thereby inhibiting the measurement of shorter-lived isomers located below the long-lived states. Through complementary application of the γγ time-difference method, it has been possible to isolate shorter-lived states, albeit with reduced counting statistics.
III. RESULTS
Evidence and justification for the proposed 213 Ra and 212 Ra level schemes, which extend the previous work [12, 13] , are provided below. Inspection of γ-ray spectra recorded both 'in-beam' (−13 ns to +30 ns around the beam pulse) and in various 'out-of-beam' (+30 ns to +1700 ns after the beam pulse) gates were used to identify previously unknown, high-spin isomers in both isotopes. Characteristics of these new excited states and transitions are provided in Tables I, II and III. The proposed level schemes are presented in Fig. 1 and Fig. 2 . All levels located above the J π = 17/2 − isomer in 213 Ra, and most of the levels above the J π = 11 − isomer in 212 Ra, have been identified for the first time.
A. 213 Ra level scheme
Prior knowledge [12] of the 213 Ra level scheme was limited to a cascade of three E2 γ-ray transitions connecting the yrast J π = 13/2 − level to the J π = 1/2 − ground state, and evidence for an unobserved transition with energy of less than 10 keV [12] between the J π = 13/2 − state and the J π = 17/2 − , τ = 3-ms isomer. Observation of transitions below the J π = 17/2 − isomer confirmed the production of 213 Ra in the experiment, however, the 3-ms lifetime of the isomer precluded direct correlation of any observed transitions arising from above this state with the known level structure lying below. Nevertheless, γ-ray coincidences with characteristic radium X rays [15] , and prior knowledge of the neighbouring radium isotopes [8, 9] , enabled unambiguous assignment of many new transitions to 213 Ra located above the
The γ rays observed in the in-beam data, and identified to be in coincidence with the 88.47-keV radium K α1 X ray [15] , yielded a number of strong transitions that had not previously been assigned to any of the radium isotopes. The most intense of these was the 518-keV transition that, based on its intensity, has been assigned to directly feed the J π = 17/2 − isomer. Backgroundsubtracted, out-of-beam coincidence spectra, gated on the 566-keV, 322-keV and 518-keV transitions, are provided in Fig. 3 . The fact that these γ rays are strongly populated in the out-of-beam data provides compelling evidence for the existence of further high-spin isomers in 213 Ra. The coincidence spectrum generated by gating on the 518-keV γ-ray transition contains almost every new transition that is placed in the extended 213 Ra level scheme.
The out-of-beam coincidence spectra, gated on the 566-keV and 322-keV transitions (Figs. 3a and 3b) , illustrate the parallel cascades that occur above the 518-keV transition. The ordering of transitions was established unambiguously from a number of crossover transitions. The exceptions are the ordering of the 994-152-keV, and 1058-88-keV cascades. Each of these could, in principle, be reversed. Their ordering was based on the in-beam intensities measured by gating on the 518-keV transition. Further evidence for their ordering was obtained via comparison with the semiempirical shell-model calculations discussed in Section IV, which predict states lying close in energy to those in the proposed level scheme.
The 88-keV transition was observed directly, and resolved from the radium X-rays, by projecting the γ rays detected in the LEPS detectors that were coincident with the 566-keV and 1058-keV transitions detected in the HPGe detectors; it was not observed in gates on the parallel 297-849-keV cascade. LEPS spectra with gates on the 1058-keV and 849-keV transitions are shown in Fig. 4 . The meeting point of the two significant parallel cascades (one passing through exclusively positive parity states, the other through predominantly negative parity states) was established by gating on the 518-keV transition. The 437-keV and 538-keV γ rays present in this gate were not in coincidence with the strong 566-keV transition that feeds the J π = 29/2 − state. The 437-keV γ ray is coincident with both members of the 305-849-keV cascade that feeds the J π = 21/2 − level. The 538-keV transition was found to be in coincidence with the 731-keV and 322-keV transitions, which feed and depopulate the J π = 23/2 + isomer. The energy sum of the 437-305-849-keV cascade is equal to the sum of the 538-731-322-keV cascade within uncertainties, which, when combined with the γ-γ coincidence relationships, supports the placement of a level at 3878+∆ keV. The energy sums of the 566-305-849-keV cascade and the 667-731-322-keV cascade are equal within uncertainties, placing a new level linking the two parallel cascades at 4007+∆ keV. The 8.2-keV and 14.4-keV transitions are unobserved gaps inferred from energy sums and comparisons between coincidence spectra. The energy sum of the 170-keV and 437-keV transitions is equal to the energy of the 606-keV transition within uncertainties, suggesting these are parallel cas- cades de-exciting an additional state located at 4048+∆ keV. This state was found to be isomeric and the measurement of its lifetime is discussed below. An unobserved 41-keV transition is placed between the 4048+∆-keV and 4007+∆-keV levels that feeds towards the 566-keV and 667-keV decay sequences that were discussed above. Projecting 'early' γ rays detected 30 ns to 150 ns prior to the 322-keV, 518-keV and 566-keV transitions showed an additional, strong 459-keV γ ray that is evidently not emitted following the decay of an isomeric state. This transition is attributed to a level located above the J π = 33/2 + isomer, possibly at 4507+∆ keV. We have not shown the 459-keV line on the level scheme because the semiempirical shellmodel calculations strongly suggest that there may be an additional unobserved low-energy transition from a TABLE I. New γ-ray transitions placed above the J π = 17/2 − isomer in 213 Ra. Relative intensities are normalized to that of the 518-keV γ-ray transition. Evidence for their placement in the level scheme, along with σL and J π assignments, are discussed in the text. The state energies contain the +∆ term due to the unknown energy of the J π = 17/2 − → 13/2 − transition. Background-subtracted, coincidence spectra gated on the 249-keV and 619-keV transitions are provided in Fig. 5 . Despite lying below the J π = 11 − isomer, gating on the 619-keV γ ray isolates transitions that follow the decay of higher-spin isomers populated in the reaction due to the 123-keV decay branch bypassing the isomer. Spectroscopic evidence for new parallel decay cascades located below the state at 4351 keV was obtained by gating on the 317-keV, 545-keV and 703-keV γ-ray transitions in the out-of-beam data, as shown in Fig. 6 . The 153-keV γ ray is common to all three spectra, placing a meeting point of these three cascades below this transition. The 249-keV transition is common to the 317-keV and 545-keV gates, identifying a meeting point between these two branches. The placement of a 91-keV gap between the 4198-keV and 4107-keV levels is inferred from the observed coincidence between 703-keV and 153-keV transi- tions. The energy sums of the 123-932-475-91-keV, 36-791-703-91-keV and 36-791-545-249-keV cascades are equal within the experimental uncertainties, supporting the placement of the unobserved 91-keV gap. The order of transitions can be established unambiguously throughout this section of the level scheme due to the number of intersecting cascades. The only exception is the 283-508-keV cascade, the order of which has been based upon the relative intensities of the two transitions when projecting γ-rays early with respect to the 619-keV γ ray. The gate on the 317-keV transition in Fig. 6a shows a loss of intensity in the 317-932-123-keV and 317-29-1025-keV cascades relative to the 249-keV and 619-keV γ-ray transitions, above and below these sequences. The existence of additional decay paths out of the 3632-keV state is thus implied but, due to poor statistics, no candidate transitions could be identified in the γ-ray spectra.
Transitions above the 4351-keV
An additional nine γ-ray transitions connecting seven excited states above the 4351-keV, J π = 17 − state have been placed in the 212 Ra level scheme. In-beam coincidence spectra, gated on the 491-keV and 290-keV transitions, are shown in Fig. 7 . These serve as evidence of the parallel cascades located above the 4351-keV level. The 491-keV γ ray is present in both the in-beam and "short" out-of-beam data while the transitions located above it are only identified in the in-beam data, which indicates that the 5041-keV state is isomeric. Measurement of the mean life of this isomer is discussed below. The placement of excited states located above the 5041-keV isomer is unambiguous; however, the ordering of the 290-774-keV cascade through the proposed 5125-keV state could be reversed.
C. Conversion Coefficients
Total internal conversion coefficients were deduced from the intensity balance across levels. For instance, in the lower panel of ison of the experimental values to theoretical calculations using the BRICC code [14] constrained the multipolarity of the transitions, as illustrated in Fig. 8 . In 213 Ra, most conversion coefficients were determined by gating on the 518-keV transition out-of-beam, which gives clean spectra following the decay of the 4048+∆-keV, J π = 33/2 + isomer. In 212 Ra, conversion coefficients were determined by gating on a variety of transitions due to the large number of pathways identified throughout the level scheme.
D. Angular anisotropies
Measured angular anisotropies provided information on the angular-momentum change due to transitions in 212 Ra and 213 Ra. The A 2 /A 0 coefficients extracted from fitting W (θ) = A 0 + A 2 P 2 (cos θ) to the data are listed in Tables I and III . Selected fits to the experimental data are displayed in Fig. 9 and extracted A 2 /A 0 coefficients are displayed in Fig. 10 . Further physical considerations can facilitate the determination of the electric or magnetic nature of many identified transitions. There is a wellestablished occurrence of E3 transitions from isomeric states in neighboring nuclides [8, 9, 16] . Consequently, any transitions found to exhibit a large A 2 /A 0 coefficient without a discernible state lifetime can be considered to be E2 in nature. As will be discussed in more detail below, low-energy E1 transitions in these nuclei are normally associated with the decay of isomeric levels. Thus, in most cases, A 2 /A 0 values indicating a dipole character without a measurable lifetime can be considered to be M 1 transitions. Significant deviation of the measured A 2 /A 0 coefficients from the expected values can indicate mixed-multipolarity transitions. However, with only three detector angles available and, therefore, no measurement of the corresponding A 4 term, the exact mixing ratio cannot be determined. 
Ra observed in the HPGe detectors. Lines labelled with K designations refer to the radium X-rays, other X-rays from random coincidences are also labeled.
E. Lifetime measurements
The lifetime of the 4048 + ∆-keV isomer in 213 Ra, determined from the time difference between the 459-keV transition feeding the isomer and a sum of gates on the 170-keV, 566-keV and 606-keV transitions below the isomer, is 50(3) ns, as shown in Fig. 11 . Lifetime measurements with respect to the beam pulse for the 566-keV and 667-keV transitions showed no discernible difference, demonstrating that this choice of gating transitions does not bias the lifetime curve. A similar approach was used to measure the lifetime of the 2610+∆-keV state. The time difference between the 455-keV and 731-keV feeding transitions and the 322-keV decaying transition yields a lifetime of 27(3) ns.
The 31(3) ns lifetime of the 5041-keV state in 212 Ra, shown in Fig. 12 , has been measured with reference to the beam pulse by gating on the 491-keV transition and projecting the resulting time spectrum. An additional time difference measurement was attempted, however, even a sum of many time difference spectra had insufficient statistics. Measurements of the J π = 11 − state lifetime confirmed the literature value of τ = 1.2(2) µs [13] , but the maximum beam pulse separation of 1.7 µs precluded obtaining an independent result of comparable precision.
F. Spin-parity assignments
Spin and parity assignments are known from prior studies up to the J π = 17/2 − isomer in 213 Ra [18] , and to the J π = 13 − state in 212 Ra [13] . Spins and parities have been assigned to the majority of new states identified in the present work based on a combination of measured internal conversion coefficients, angular anisotropies, and state lifetimes, along with constraints required by crossover transitions. • are coincident with a number of 212 Ra γ rays and radium x rays but could not be placed in the level scheme.
Spin-parity assignments in
213 Ra
The 2287+∆-keV state is assigned as J π = 21/2 − on the basis that the 518-keV transition connecting this state to the J π = 17/2 − isomer was determined to be an E2 transition from the measured A 2 /A 0 value and lack of a measurable state lifetime. The J π = 21/2 − state is fed by four γ rays with energies of 322 keV, 849 keV, 994 keV and 1058 keV. The three higher energy transitions are assigned as stretched E2 on the basis of their A 2 /A 0 values and the absence of measurable lifetimes for the states that they depopulate. Thus the states at 3136+∆ keV, 3281+∆ keV and 3345+∆ keV are all assigned J π = 25/2 − . The internal conversion coefficient of the 152-keV transition supports an M 1 + E2 assignment with a mixing ratio of |δ(E2/M 1)| = 0.7(3). The 297-keV transition's A 2 /A 0 value and its conversion coefficient indicate M 1 multipolarity, while the lack of an observable lifetime associated with the 8-keV gap between the 3433 + ∆-keV and 3441 + ∆-keV states also implies M 1 multipolarity. α T = 0.11(5), only 1.6σ from the expected E1 value of 0.03 and very far from the expected M 1 value of 0.584. Thus, J π = 23/2 + is assigned to the 2610+∆-keV level. The 3065+∆-keV level is assigned J π = 25/2 + on the basis of the M 1 character of the 455-keV γ ray. The internal conversion coefficient for the 275-keV transition supports M 1 nature and the angular distribution of the 731-keV transition supports a quadrupole assignment. Therefore, the 3340+∆-keV state is assigned J π = 27/2 + . The 538-keV and 667-keV transitions have been assigned as M 1 and E2 on similar arguments so that the 3878+∆-keV state is assigned as J π = 29/2 + and the 4007-keV state is assigned as J π = 31/2 + . The known spins and parities below the J π = 29/2 + level imply the 437-keV, 799-keV and 14-keV transitions are E1, M 1 and M 1, respectively.
The 170-keV transition depopulating the isomer at 4048+∆-keV has a measured total conversion coefficient consistent with that of an E2 transition, which implies J π = 33/2 + for this isomer. Hence, the 41-keV transition is M 1 and the 606-keV transition is M 2, or more likely mixed M 2 + E3 (see below). As discussed below, the M 1 nature of the 41-keV transition is reinforced by the relative fraction of strength carried by this γ ray compared to the 606-keV M 2 + E3 or the 170-keV E2 transitions.
Spin-parity assignments in 212 Ra
Assigning spins and parities to excited states in 212 Ra was more challenging than in 213 Ra due to fission competition and hence reduced statistics, particularly for levels above 4197 keV. No spin or parity assignments could be made for levels located above the 5041-keV isomer. The present work confirms the spin assignments made to ten excited states in 212 Ra by Kohno et al. [13] , adding parity assignments to two of these levels, although there are significant differences between their level scheme and the present one for states above the level. The internal conversion coefficient inferred from intensity balances for the 123-keV transition suggests it is an E2 transition, thus connecting a J π = 12 + level at 2700 keV to the 2577-keV, J π = 10 + level. The A 2 /A 0 value of the 508-keV transition is consistent with M 1 nature and so the previously reported [13] 3122-keV, J = 12 state is confirmed and assigned a negative parity. The spin and parity of J π = 13 − for the 3404-keV level is confirmed by the measured internal conversion coefficient for the M 1 283-keV transition connecting it to the 3122-keV, J π = 12 − level. The measured A 2 /A 0 value for the intense 791-keV transition depopulating this J π = 13 − state and feeding the 2613-keV, J π = 11 − isomer is consistent with an E2 multipolarity.
The A 2 /A 0 value of the 545-keV transition is consistent with M 1 nature and so the 3949-keV state is assigned J π = 14 − . The internal conversion coefficient of the 249-keV transition feeding this state suggests it is an E2 transition and so the 4197-keV state is assigned J π = 16 − . From its measured internal conversion coefficient, the 317-keV transition that depopulates the 14 − level was found to be an M 1 transition and so a J π = 13 − assignment is made to the 3632-keV state. The 3632-keV, J π = 13 − level is connected to the 2700-keV, J π = 12 + level by a 932-keV γ-ray transition. An E1 assignment is required for this transition to be consistent with the spin-parity assignments discussed above. With this mixing ratio, the theoretical internal conversion coefficient becomes 1.94, bringing it closer to the measured value. The same technique could not be applied to the 153-keV transition, which is hampered by statistical uncertainties; the unusually large A 2 /A 0 value in this case has been disregarded and the spin-parity assignment based upon the internal conversion coefficient alone.
The 491-keV transition that feeds the 4553-keV level has a negative A 2 /A 0 value, which, when considered in conjunction with the measured state lifetime of 31(3) ns, implies E1 multipolarity. Therefore, a J π = 19 + assignment has been made to the isomeric state at 5041 keV.
G. Transition strengths
Transition strengths determined from the isomericstate lifetimes measured for 213 Ra and 212 Ra are shown in Table IV , along with the strengths for some related transitions in neighbouring nuclei [6, 8, [19] [20] [21] .
As expected, since E1 transitions are not possible between the valence orbitals in the major shells, the E1 transition strengths are all very weak, typically of order 10 −7 W.u. In 212 Ra, the E3 decays of the 2613-keV J π = 11 − state to the two lower J π = 8 + states are observed. In 213 Ra, the J π = 33/2 + isomer is depopulated by retarded M 1 and E2 transitions, as well as a transition that is likely of mixed M 2 + E3 multipolarity. These transition strengths will be discussed in further detail below. 213 Ra (open circles). Solid and dashed lines are theoretical values for electric and magnetic transitions, respectively, calculated using BRICC [14] . • , ±48
• .
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IV. DISCUSSION
Due to their proximity to the N = 126 neutron shell closure, it is expected that single-particle excitations will be dominant in 213 Ra and 212 Ra. There are limited large basis calculations available for high-spin states in nuclei beyond 208 Pb [22] . However, there has been considerable possible. An additional approximation is also made: configuration mixing is excluded. Thus the calculations include a diagonalization over alternative angular momentum couplings for a given orbital occupation (configuration), but do not allow the nucleons to change their orbits. The Hamiltonian for this model can be written as usual as
where H 0 is the single-particle contribution and V the two-body residual interaction. Introducing the approximation that the residual interaction does not change or mix configurations, the excitation energy (relative to the ground state of 208 Pb) can be written as
where H i = i|H 0 |i represents the empirical singleparticle energies and V ij = ij|V |ij the empirical twobody residual interactions. Experimental values for H i and V ij are tabulated in Ref. [26] and references therein.
Where empirical interactions are not available they were taken from Ref. [32] . We discuss first the case of 213 Ra, which has a single neutron hole relative to the N = 126 shell closure, and second consider 212 Ra, which has two neutron holes.
A. Shell model calculations and structure of
Weak-coupling approximation.
The observed states in 213 Ra can be formed by the coupling of a νp 1/2 or νf 5/2 neutron hole to excited states in 214 Ra. Before performing the detailed semiempirical shell model calculations, it is instructive to begin with a simplified calculation of the level scheme of 213 Ra by weakly coupling a neutron hole in either the νp 1/2 or νf 5/2 orbit to the observed level structure in 214 Ra. We assume that (1) the resultant state in 213 Ra has the maximum spin coupling, and (2) the residual interactions are equal in all states (as a consequence of the weak-coupling approximation). Thus the excited states associated with νp 1/2 have the same excitation energies as in 214 Ra but have the spin increased by Figure 13 shows the results of this calculation.
As evident from Figure 13 Two J π = 33/2 − states are predicted that have not been observed in 213 Ra. However, weak decay paths were observed which bypass the J π = 33/2 + isomer through states that could not be placed in the experimental level scheme (see Table II ). Some of these unplaced states could be candidates for the unobserved predicted states. The splitting of the experimental level scheme of 213 Ra into separate cascades connecting either positive or negative states is evident in Fig. 1, between To sum up this section, the weak-coupling model calculations have allowed us to assign likely configurations to most of the observed excited states in 213 Ra. The good agreement achieved for states up to the J π = 23/2 + level is particularly important to confirm that the level structure observed above the J π = 17/2 − isomer is indeed in 213 Ra, since we are unable to perform γ-γ coincidences across this long-lived isomer. One limitation of the model is that it relies on the observation of all parent states in 214 Ra, a condition that is not always met. Another limitation is that it assumes all residual proton-neutron interactions are equal, which leads to poor predictions of level energies in some cases.
Semiempirical shell-model calculations
More comprehensive semiempirical shell-model calculations were performed. These calculations provide the means to assign configurations to the experimentally observed excited states and to discuss the transition strengths in cases where they have been measured.
The calculated levels for 213 Ra are shown in Fig. 14 and the assigned configurations are listed in Table V . The experimental energies of the low-excitation, lowseniority states are overestimated in the calculations, as is expected when configuration mixing is neglected. Overall, however, there are many cases in which the predictions deviate from experiment by only tens of keV, allowing configuration assignments with some confidence. In most cases where alternative configurations are available, that lying closest in energy to the experimental level is expected to be dominant in the wavefunction. As will be discussed in greater detail below, the π(h 
Negative-parity configurations
The following configurations account for the observed negative-parity states in 213 Ra:
• πh 1/2 configuration can produce states up to a maximum J π = 25/2 − . As expected, the lowseniority states associated with this configuration and πh 6 9/2 ⊗ νf −1 5/2 are poorly reproduced as the effects of configuration mixing are not considered [6, 8, 9] . For instance, the energy of the ground state, where additional (pairing) correlations are present, is overestimated by 384 keV. However, the calculations do reproduce the energy separation of the first-excited J π = 5/2 − state and the ground state, confirming the conclusion of the weak-coupling calculation that the J π = 5/2 − state is predominantly due to the movement of the neutron hole from the νp 2 where g h 9/2 and g f 7/2 are the g factors of the πh 9/2 and πf 7/2 orbits, respectively [33, 34] . In this case, and for similar cases in neighbouring Ra and Rn isotopes [8, 19] , the transition strength is of the order of 0.1 W.u., which explains the lack of an observable lifetime for the 8-keV transition.
To sum up, the negative-parity states observed in 213 Ra can be attributed to the πh 
Positive-parity configurations
Two configurations giving rise to positive-parity states were considered:
• π(h The lowest-energy, positive-parity state observed in 213 Ra, the J π = 23/2 + isomer, is analogous to the
Energy (keV) 1/2 . In most even-even nuclei in this region, the J π = 11 − state decays via one or more E3 branches to J π = 8 + states. In 213 Ra, no E3 transition to the J π = 17/2 − state was observed. This nonobservation of the E3 decay is evidently due, in part, to the intermediate J π = 21/2 − state, which allows a decay via the 323-keV E1 transition. In the neighboring nucleus, 211 Rn, the corresponding E1 and E3 decays of the J π = 23/2 + state were observed with a branching ratio of I(E3)/I(E1) = (3 ± 1)%. Scaling by the transition energies, the expected intensity of the E3 branch in 213 Ra would be ∼ 2%. The experimental limit on the intensity of the expected 840 keV E3 transition is < 2.1%, relative to the 323-keV E1 transition intensity. Thus, the expected E3 intensity is at our detection limit.
Moving up the level scheme, the semiempirical shell-model calculations predict the occurrence of the J π = 25/2 + state (which was missed in the simplified calculations) and place it close to the experimentally observed energy of 3065 + ∆ keV. The level arises predominantly from the coupling of the νf predicted and experimental levels come into good agreement. Figure 14 and Table V show the calculated states from the π[(h configuration. An E1 decay to the J π = 29/2 − level can compete with M 1 and/or E2 decays to the positive parity states, which for the dominant configurations are either forbidden (as is the case for the first J π = 27/2 + state at 3340 + ∆ keV) or suppressed by low transition energy and mid-shell cancellation between states of the senioritytwo π(h 5 9/2 ) configuration (as is the case for the second J π = 27/2 + state at 3863+∆ keV) [35] . A 606-keV transition from the J π = 33/2 + isomer to the J π = 29/2 − level is also observed, which can have mixed M 2 + E3 multipolarity. We have shown the experimental transition strengths for the extremes of pure M 2 and pure E3 multipolarity in Table IV. Assuming pure multipolarity, the M 2 strength is very weak whereas the E3 is unrealistically strong. The nominal configuration change, π[(h Ra. Only a small contribution is needed because the allowed M 2 transition πi 13/2 → πh 9/2 has a strength of the order of 1 W.u. [36] .
Theory and experiment can be brought into harmony if the 606-keV transition has mixed multipolarity with mixing ratio |δ(E3/M 2)| ∼ 0.7.
It is not clear why the upward shift of ∼ 250 keV is necessary for the π[(h 1/2 configuration. However, it has to be kept in mind that the semiempirical shell model calculations do not include configuration mixing. Another consideration is that the empirical singleparticle energies and two-body residual interactions include octupole-coupled components due to the octupole vibration of the 208 Pb core [37] . Such components could be double counted in the evaluation of more complex configurations, or affected by Pauli-blocking. Overall, given their simplicity, the agreement of the semiempirical single-configuration calculations with experiment at the level of a few hundred keV is rather remarkable.
A number of additional γ-ray transitions were observed in the experiment that must originate from higherexcited states in 213 Ra, but we were not able to place them firmly in the level scheme. 1/2 . Of the many possible combinations that were examined, only the nine most relevant to the observed states will be discussed. These are:
The semiempirical shell model calculations for 212 Rn are compared with experiment in Fig. 15 In 212 Ra, the E3 strengths have decreased slightly but their proportionality has remained the same, namely 2.1(6) W.u for πi 13/2 → πh 9/2 and 14.4(3) W.u. for πi 13/2 → πf 7/2 . This similarity between 214 Ra and 212 Ra supports the configuration assignments for the two J π = 8 + states and the J π = 11 − isomer.
Compared with 214 Ra, the J π = 10 + state in 212 Ra has been driven below the J π = 11 − state; the same behavior has been observed in the N = 124 isotone, 210 Rn [19] . The calculations predict three J π = 10 + states due to the πh configurations, all higher in energy than the J π = 11 − state. However, if mixing were taken into account, it can be expected that the yrast J π = 10 + state would be pushed down in energy and could come below the J π = 11 − level, as is observed. Above the J π = 11 − state, it becomes difficult to match the semiempirical shell-model configurations with the observed excited states. Nevertheless, the experimental states between J π = 11 − and J π = 18 − appear to be associated with three dominant negative-parity configurations, π(h 208 Pb has been largely neglected to date; it would be timely to re-visit this region. The success of the semiempirical shell-model calculations suggests that deeper insights into the evolution of nuclear structure and the onset of collectivity could be gained by developing a more sophisticated theory that includes configuration interactions.
